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Abstract 

Maize kernels (Zea mays L., inbred W64A) were cultured in vitro with a 200 mM sucrose concentration and either 
0, 3.6, 7.1, 14.3, or 36.5 mM N, supplied as amino acids, in the culture medium. Increased N supply up to 14.3 mM 
N resulted in increased kernel dry weight and starch content. Increasing N supply increased storage protein 3-fold, 
which was reflected by 7-fold enhancement of c~-zein message abundance, fl-Zein message abundance was not 
affected by N nutrition. Messages for the regulatory gene, Opaque-2, were doubled by the increased N supply. 
Messages for the Shrunken, Waxy, and Aldolase genes increased about 2-fold with increased N supply. Activities of 
sucrose synthase (encoded by Shrunken), and aldolase enzymes exhibited increases with N supply corresponding 
with that of their transcript abundance. Expression of the Shrunken-2 and Brittle-2 genes were not affected by N 
supply. It is likely that the increased expression of genes involved in carbohydrate metabolism is responsible for 
the increased capacity of a kernel to utilize available sucrose at higher levels of N nutrition. 

Abbreviations." D P P -  days postpollination 

Agricultural production of maize (Zea mays L.) gen- 
erally requires heavy application of nitrogen fertilizer 
for optimal yields (Balko and Russell, 1980). Although 
most of the increase in grain yield with high nitrogen 
nutrition represents increases in ear sizes and num- 
ber of kernels produced per plant, maize plants grown 
with increased nitrogen supplies produce larger ker- 
nels with increased protein concentrations (Tsai et al., 
1978). The development of an in vitro culture method 
for developing maize kernels (Gengenbach, 1977) has 
allowed the examination of the effects of N nutrition on 
the developing kernel itself, isolated from the mother 
plant. Singletary et al., (1990) demonstrated that activ- 
ities of several enzymes key to sucrose and amino acid 

* The U.S. Government right to retain a non-exclusive, royalty- 
free licence in and to any copyright is acknowledged. 

metabolism were increased substantially by increased 
nitrogen supply. It was concluded that the increased 
nitrogen supply allowed greater enzyme synthesis that 
increased the capacity of the developing kernels to uti- 
lize more available carbohydrate. 

The most plausible explanation for the observed 
changes in kernel metabolic activities with nitrogen 
supply is that the gene expression in the kernel was 
affected. In this study, we test the hypothesis that 
nitrogen supply affects maize kernel development by 
affecting gene expression. 

Maize plants (Zea mays L. inbred W64A) were 
grown in a growth room illuminated 15 h d - I  with 
a mixture of high pressure sodium and metal halide 
lamps supplying 800 mm photons m-2s -1 at a height 
of 2 m. Temperatures were maintained at 26°C days, 
18°C nights. Plants were grown in 12 L pots in Redi- 
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earth Peat-lite soilless medium (W.R. Grace, Cam- 
bridge, MA) supplemented with Osmocote 14-14-14 
and Micromax micronutrients (Sierra, Militas, CA). 
Individual ears were bagged as they appeared and 
either self- or sib-pollinated at silk emergence. Five 
days postpollination (DPP), kernels were cultured in 
vitro essentially as described by Gengenbach (1977). 
Explants were placed into 100 x 25 mm Petri plates 
on an agar-based medium described by Singletary and 
Below (1989), except nitrogen was supplied at five 
different concentrations (0, 3.6, 7.1, 14.3, 36.5 mM) 
as amino acids from casein hydrolysate. Cultured ker- 
nels (five per Petri plate) were incubated in darkness at 
25°C. Plates were harvested at 20 DPP (15 days after 
culturing) and at maturity (45 DPP). Two kernels were 
taken from each plate harvested at 20 DPP and frozen 
at -80°C for RNA extraction and analysis. The remain- 
ing three kernels were frozen on dry ice, lyophilized, 
ground to a powder and stored at -80°C until used for 
enzyme extractions. Four replications were made for 
each N concentration for both mature and immature 
kernels. 

Enzyme extractions and assays were performed as 
described by Doehlert et al. (1988). Starch, total pro- 
tein and zein determinations were as described earlier 
(Singletary et al., 1990)• 

For each RNA extraction, two frozen kernels (about 
0.5 g fresh weight) were ground to a fine powder in 
liquid N2 using a mortar and pestle. RNA was extract- 
ed and purified and dot-blots of total RNA performed 
as described by Doehlert and Kuo (1994).A cDNA 
clone of Shrunken-1 (pZMcll06)  and of Aldolase 
(pZMc1154) were obtained from Dr. E Kelley (Uni- 
versity of Nebraska, Lincoln, NE). A cDNA clone of 
the maize Waxy gene was obtained from Dr. S. Wessler 
(University of Georgia, Athens, GA). A cDNA clone 
of Shrunken-2 (pES6-66) and of Brittle-2 (pES6-75) 
were obtained from Dr. C. Barton (ESCAgenetics, San 
Carlos, CA). A genomic clone of c~-zein, (pZ19abl) 
and a genomic clone offl-zein (pZG 15.1) were supplied 
by Dr. B.A. Larkins, (University of Arizona, Tuscan, 
AZ). A cDNA clone of Opaque-2 was supplied by 
Dr. R.J. Schmidt (University of California, San Diego, 
CA). 

Analysis of variance and least significant differ- 
ences were calculated with the Statistix computer pack- 
age (Analytical Software, Tallahassee, FL, USA) 

Results indicated that increasing N supply up to 
14.5 mM N increased mature kernel dry weight and 
starch contents, but both starch and dry weight were 
lower in mature kernels grown at 34.5 mM N (Fig- 
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Figure 1. Effect of nitrogen nutrition on mature kernel dry weight, 
starch content, total protein, zein content, and enzyme activities. 
Data points are means, n = 4. Error bars are least significant differ- 
ences. Values in the same sets whose error bars do not overlap are 
significantly different (o~-=0.05). 

ure 1). Total nitrogen content per mature kernel dou- 
bled and zein nitrogen nearly tripled with increased 
nitrogen supply (Figure 1). The relative proportion of 
zein protein to total protein also increased slightly with 
increased nitrogen supply• Sucrose synthase activity, 
extracted from kernels harvested 20 DPP was stimu- 
lated nearly 3 fold by the increased nitrogen supply 
(Figure 1). Aldolase activity increased about 2-fold, 
whereas there was no effect upon activity of ADP-Glc 
pyrophosphorylase by increased nitrogen supply (Fig- 
ure 1). 

The relative abundance of transcript for c~-Zein in 
kernels harvested at 20 DPP increased by over 7-fold 
with the increased nitrogen supply (Figure 2). This was 
the largest increase in relative transcript abundance of 
any of the transcripts measured in this study. In con- 
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Figure 2. Effect  o f  ni trogen nutrition on relative abundance  o f  tran- 
script for  c~-Zein, fl-Zein, Opaque-2, Aldolase, Shrunken-I, Waxy, 
BHttle-2, and Shrunken-2 in developing maize kernels g rown  in vit- 
ro, harvested 20 DPP. Data  points are means,  n = 4. Er ror  bars are 
least s ignif icant  differences.  Values in the same sets whose  error  bars 
do not over lap are s ignif icantly different (c~=0.05). 

trast, the relative abundance of ~-Zein transcript in 
kernels harvested at 20 DPP was not affected by nitro- 
gen supply. The relative abundance of Opaque-2 tran- 
script doubled with increasing nitrogen supply (Fig- 
ure 2). Relative abundance of transcripts for Aldolase, 
Shrunken-1 andWaxy genes was about doubled by the 
increasing nitrogen supply (Figure 2). These tran- 
scripts encode cytosolic aldolase, sucrose synthase 
and starch-granule bound starch synthase, respective- 
ly. Nitrogen supply did not affect transcript abundance 
of Brittle-2 or Shrunken-2 (Figure 2) which encode for 
the two subunits of ADP-Glc pyrophosphorylase. 

These results indicate that a major effect of 
increased nitrogen nutrition on maize kernel develop- 
ment is on gene expression. Whereas changes in starch 
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accumulation can be attributed to increased activities 
of enzymes of carbohydrate metabolism (Figure 1), the 
increased enzyme activities and increased storage pro- 
tein accumulation can he attributed to increased tran- 
script abundance of genes encoding for these enzymes 
and storage proteins (Figure 2). Balconi et al. (1993) 
have also reported that increased N supply increased 
levels of  c~-zein transcripts. It is interesting to observe 
that increased nitrogen nutrition stimulated a-Zein 
transcript levels so much whereas fl-Zein transcript 
levels were unaffected (Figure 2). This observation is 
consistent with an earlier study (Singletary et al., 1990) 
that indicated that increased nitrogen greatly stimulat- 
ed a-zein peptide abundance, but had no effect on the 
accumulation of fl-zein peptide. Increasing nitrogen 
supply about doubled the transcript abundance of the 
regulatory gene Opaque-2. Because of the evidence 
indicating that the gene product of the Opaque-2 gene 
activates transcription of a-Zein genes (Schmidt et al., 
1990), it is possible that the increased transcript lev- 
els of the Opaque-2 gene led to the increased a-Zein 
transcript and peptide abundance. 

The increased transcript levels for Aldolase and 
Shrunken-1 (Figure 2) correspond well with observed 
changes in activities of aldolase and sucrose syn- 
thase (Figure 1). An earlier study concluded that the 
increase in nitrogen nutrition of developing maize ker- 
nels appeared to increase the capacity of the kernels 
to utilize available sucrose, largely through increasing 
activities of enzymes of sucrose metabolism (Single- 
tary et al., 1990). In this study, we conclude that the 
increase in enzyme activities (Figure 1) are likely to 
be the result of increased transcript abundance (Fig- 
ure 2). The mechanism by which nitrogen nutrition 
affects transcript abundance was not addressed in this 
study. But, because nitrogen supply affects some genes 
more than others and some not at all, it appears to be a 
fairly specific control mechanism and it would appear 
that those genes affected have adaptive significance. 
Increased c~-zein transcript would allow for increased 
storage protein accumulation, and increased Shrunken- 
1, Waxy and Aldolase transcripts would allow for 
increased enzyme activity which would enhance the 
metabolic capacity of the maize kernel to convert 
sucrose into storage products. 
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